Women with a history of gestational diabetes mellitus (GDM) are at increased risk of type 2 diabetes (T2DM). However, the time to progression to diabetes differs individually.
W
omen with a history of gestational diabetes mellitus (GDM) are at increased risk of type 2 diabetes mellitus (T2DM). In a recent meta-analysis, women with a previous history of GDM had as much as a 7.43-fold relative risk of T2DM compared with those who had a normoglycemic pregnancy (1) . However, there are ethnic differences in the risk of developing T2DM after GDM pregnancy. In addition, there are large individual varia-tions in the time to progression to T2DM. In Asians, it is estimated that 5% to 15% of GDM women have early postpartum T2DM (2, 3) . The rest of the women develop T2DM at rates of 20% to 60% within the following 5 to 10 years (4, 5) . Factors that increase the risk of T2DM after GDM pregnancy include age, obesity, increasing parity, requirement of insulin therapy during pregnancy, family history of diabetes, and the degrees of hyperglycemia and decreased pancreatic ␤-cell function during pregnancy (5) (6) (7) (8) (9) . However, it is not well known whether these risk factors differ between those who have diabetes in the early postpartum period and those who progress to diabetes later.
Recently, more than 60 T2DM-associated genetic risk loci have been identified by large-scale genome-wide association (GWA) studies (10 -13) . Because GDM women are at increased risk of T2DM and have a high rate of positive family history of diabetes, it is assumed that GDM and T2DM share similar genetic backgrounds to some extent. In our previous GWA study regarding GDM, we have shown that genetic risk variants of T2DM are enriched in GDM women (14) . These genetic factors might also be associated with early or late development of T2DM in GDM women.
The objective of this study was to investigate the clinical and genetic risk factors that are associated with development of T2DM early or late post partum after GDM pregnancy. For this purpose, we investigated the anthropometric and metabolic characteristics of women who had diabetes at 2 months post partum (early converters). Women who did not have diabetes early post partum but developed T2DM more than 1 year after parturition (late converters) were also studied. A total of 21 genetic variants in 10 known T2DM-associated genes were genotyped in a subset of GDM women and an independent cohort of elderly (Ն60 years old) nondiabetic controls. The genotype frequencies of these variants in early converters or late converters were compared with those of the elderly nondiabetic controls.
Subjects and Methods

Study Subjects
This was a prospective cohort study that enrolled GDM subjects between January 1996 and February 2003. The enrollment was done in Cheil General Hospital, Seoul, Korea, and the subjects were followed either at Cheil General Hospital or Seoul National University Bundang Hospital, Seongnam, Korea, until December 2010. The protocols for diagnosis and follow-up of GDM women were described in our previous publication (15) . In brief, in a first screening step, all pregnant women performed a 50-g 1-hour glucose challenge test with a positive cutoff value of Ն7.2 mmol/L. Screen-positive women underwent a 100-g oral glucose tolerance test (OGTT). The diagnosis of GDM followed the criteria of the Third International Workshop-Conference on GDM (16) . Women who had diabetes before pregnancy or positive results for GAD antibodies were excluded from the study. After parturition, all GDM women were scheduled for a 75-g OGTT at 2 months post partum and annually thereafter. Subjects were categorized into normal glucose tolerance (NGT), impaired glucose tolerance (IGT), and T2DM groups according to the American Diabetes Association criteria (17) . A total of 843 women who underwent the 75-g OGTT at 2 months post partum were enrolled. Those who had T2DM at 2 months post partum were designated as early converters. Subjects who did not have diabetes at 2 months post partum but were subsequently diagnosed with T2DM more than 1 year after parturition were designated as late converters. A DNA sample for genotyping was available for a subgroup (n ϭ 634) of subjects.
A total of 632 (345 women and 287 men) carefully selected, elderly, nondiabetic control subjects were used for comparing genotype frequencies with early converters and late converters. The inclusion criteria and the clinical characteristics of the elderly nondiabetic controls are described in our previous publication (18) . In brief, the inclusion criteria were age Ն60 years, no previous history of diabetes, no first-degree relatives with diabetes, and fasting plasma glucose Ͻ6.1 mmol/L and hemoglobin A1c (HbA1c) Ͻ5.8%. The elderly nondiabetic control subjects were not used for comparison of metabolic phenotypes.
The Institutional Review Board of the Seoul National University Hospital and the Ethics Committee of the Cheil General Hospital approved the study protocol. Informed consent for genetic analysis was obtained from each subject. All clinical investigations were conducted according to the principles expressed in the Declaration of Helsinki.
Biochemical measurements
Plasma glucose was measured by the YSI 2300 STAT (YSI, Yellow Springs, Ohio) using the glucose oxidase method. Insulin was measured using a human-specific RIA kit (Linco Research, St Charles, Missouri). The areas under the curves (AUCs) of glucose and insulin were calculated using the trapezoidal rule. The 1-hour ⌬I/⌬G (change in insulin concentration/change in glucose concentration) was calculated as (insulin 1-h Ϫ insulin 0 )/ (glucose 1-h Ϫ glucose 0 ). Insulin sensitivity was evaluated by the Matsuda index as 10 000/͌[(fasting glucose) ϫ (fasting insulin) ϫ (mean glucose) ϫ (mean insulin)] (19) . Pancreatic ␤-cell function was assessed with the insulin secretion (IS)/insulin resistance (IR) disposition index, which is defined as [(AUC of insulin)/(AUC of glucose)] ϫ (Matsuda index) (20, 21) .
Genotyping
A total of 21 genetic variants in 10 genes (PPARG, IGF2BP2, CDKAL1, SLC30A8, CDKN2A/2B, HHEX, TCF7L2, KCNQ1, KCNJ11, and FTO) were genotyped in a subgroup (n ϭ 634) of GDM subjects, which included 69 early converters and 70 late converters and an independent elderly cohort of nondiabetic controls (n ϭ 632). The selection of genetic variants and the genotyping were performed as in our previous studies (22, 23) . DNA was extracted from peripheral blood, and allelic discrimination was performed using the TaqMan assay (Applied Biosystems, Carlsbad, California). PCR amplification was performed by a PE 9700 thermal cycler (Applied Biosystems). The Sequence Detection System version 2.1 (Applied Biosystems) was used for fluorescence detection. The overall genotype success rate was 99.4%, and the concordance rate based on duplicate comparisons was 99.6%.
Statistical analysis
Data are expressed as the mean Ϯ SD in case of normal distribution or otherwise as median (interquartile range [IQR] ). Student's t test was used to analyze the differences of quantitative traits between the NGT/IGT group and the T2DM group after pregnancy. Multivariate logistic regression analysis was used to identify independent risk factors for early and late converters.
Hardy-Weinberg equilibrium for each single-nucleotide polymorphism was analyzed using the 2 test. There was no significant deviation from Hardy-Weinberg equilibrium in the control subjects or in the overall population (data not shown). For the genetic association study, we compared the genotype frequencies between T2DM converters and elderly nondiabetic controls. The associations between genotypes and T2DM risk were assessed by logistic regression with an additive genotype model. P Ͻ .05 was considered statistically significant in most of the analyses, except for the genetic association analyses, where Bonferroni correction was applied to adjust for multiple comparisons. In detail, because 10 genes and 2 comparisons (early converters and late converters) were used for the genetic association study, we divided the P value threshold (0.05) by the number of independent tests (0.05/10/2 ϭ 0.0025) and considered P Ͻ .0025 to be significant. Statistical analyses were performed using SPSS version 19.0 for Windows software (SPSS, Chicago, Illinois) or PLINK version 1.07 (http://pngu.mgh.harvard.edu/purcell/plink/) (24) .
Results
Incidence of T2DM after GDM pregnancy
Among the 843 GDM women who were available at 2 months post partum, 105 (12.5%) subjects had T2DM ( Figure 1 ). After this period, the number of subjects with T2DM steadily increased at a rate of 6.8% per year until 10 years of follow-up. The median time to diagnosis of T2DM was 8.0 (95% confidence interval [CI] 7.2-8.9) years. When women who were diagnosed with T2DM at 2 months post partum were excluded, the median time to diagnosis of T2DM was 8.5 (95% CI 8.0 -9.0) years. Among the 738 subjects who did not have T2DM at 2 months post partum, 370 (50.1%) women attended follow-up visits for more than 1 year. Those who participated in the long-term follow-up had higher antepartum glucose and lower insulin concentrations in antepartum 100-g OGTT and were more likely to undergo insulin treatment during GDM pregnancy (Table 1) . Among the 370 follow-up subjects, 88 (23.8%) had T2DM during a median follow-up of 49 (IQR 30 -82) months.
Clinical risk factors for early conversion to T2DM
We compared antepartum clinical and metabolic characteristics between the NGT/IGT group and T2DM group at 2 months post partum ( Table 2 ). Prepregnancy body mass index (BMI) and pregnancy BMI at OGTT were significantly different between the 2 groups. Early T2DM converters had an earlier diagnosis of GDM during pregnancy compared with the NGT/IGT group at 2 months post partum (25.2 Ϯ 5.3 vs 26.4 Ϯ 3.0 weeks, P ϭ .030). They were also more likely to receive insulin treatment during GDM pregnancy compared with the NGT/IGT group. Fasting, 1-, 2-, and 3-hour glucose and the AUC of glucose in the antepartum 100-g OGTT were significantly different between the 2 groups. The T2DM group had higher glucose values compared with the NGT/IGT group for all glucose measurements. The 1-hour ⌬I/⌬G of the early converters was about half of that of the NGT/IGT group vs 69 [IQR 46 -107] pmol/mmol, P Ͻ .05). In contrast, no significant differences were noted regarding insulin sensitivity as assessed by the Matsuda index. Finally, the pancreatic ␤-cell function estimated by the IS/IR disposition index in early converters was only 59.0% of that in the NGT/IGT group at 2 months post partum (98 Ϯ 53 vs 166 Ϯ 60, P Ͻ .001).
Clinical factors for late conversion to T2DM
To identify risk factors associated with late conversion to T2DM, we investigated women who were NGT/IGT at 2 months post partum and attended follow-up for more than 1 year (Table 2 ). Late T2DM converters had higher prepregnancy BMI and pregnancy BMI compared with those who had NGT/IGT at more than 1 year of followup. Late converters were more likely to undergo insulin treatment during GDM pregnancy compared with the NGT/IGT group. When glucose values of the antepartum 100-g OGTT were compared, late converters had significantly higher glucose at all 4 time points and higher AUC of glucose compared with the NGT/IGT group. The insulin concentrations between the 2 groups did not show significant differences, except for a small difference at 2 hours. However, the late converters had significantly decreased AUC of insulin, 1-hour ⌬I/⌬G, and IS/IR disposition index, which reflect ␤-cell dysfunction. Among the 155 subjects with 2-month postpartum IGT, 40 (25.8%) reverted to NGT, 56 (36.1%) maintained IGT, and 59 (38.1%) progressed to T2DM at greater than 1 year post partum (Supplemental Table  1 , published on The Endocrine Society's Journals Online web site at http://jcem.endojournals.org).
When early converters and late converters were directly compared (Table 2) , there were no differences in antepartum clinical risk factors between the 2 groups, except for an earlier diagnosis of GDM and higher insulin treatment rate in early converters. When the glucose and insulin concentrations of antepartum 100-g OGTT were compared, early converters had significantly higher glucose and lower insulin concentrations and decreased ␤-cell function compared with late converters.
Genetic risk factors for early or late conversion to T2DM
We investigated the genetic risk factors for early or late conversion to T2DM by comparing the genotypes of 21 known T2DM-associated genetic variants in early converters (n ϭ 69), late converters (n ϭ 70), and the independent cohort of elderly nondiabetic controls (n ϭ 632, 345 women and 287 men) ( Table 3) . Compared with elderly nondiabetic controls, early converters had significantly increased risk allele frequencies of rs10811661 (P Ͻ .00043) in CDKN2A/2B and rs1111875 (P Ͻ .0010) and rs7923837 (P Ͻ .0011) in HHEX. Late converters had an increased risk allele frequency of rs7754840 (P Ͻ .000045) in CDKAL1. Although several other variants were associated with risk of early or late conversion of T2DM, they were not significant after Bonferroni correction (P Ͼ .05/10/2 ϭ .0025). When risk allele frequencies of early converters and 2-month postpartum NGT/IGT subjects were compared, there were nominally significant differences in variants of HHEX (Supplemental Table 2 ). We were not able to find any differences in risk allele frequencies between late converters and NGT/IGT subjects at more than 1 year follow-up because there was a substantial decrease in the statistical power (Supplemental Table 3 ).
Independent risk factors for early or late T2DM
Multivariate logistic regression analysis was used to identify independent risk factors for early or late T2DM conversion (Table 4) . Clinical and metabolic risk factors that showed significant differences between the NGT/IGT group and the T2DM group early or late post partum were included in model 1. Independent risk factors for early T2DM included higher prepregnancy BMI, higher AUC of glucose during antepartum OGTT, lower fasting insulin, and lower IS/IR disposition index. When 2 genetic variants (rs10811661 and rs1111875) that showed significant association for early converters in Table 3 were included, both of the variants did not have significant association (model 2 and model 3). The introduction of these variants reduced the association for all the variables except for earlier diagnosis of GDM and insulin treatment. Regarding late T2DM conversion, independent clinical risk factors were prepregnancy BMI and a higher antepartum AUC of glucose (model 1). When rs7754840 was included (model 2), all the associations were attenuated except for the IS/IR disposition index and insulin treatment.
Discussion
There have been several reports on the incidence of T2DM in women with history of GDM (1, 5, 7, 8, 25, 26) . This study is one of the largest prospective cohort studies in Asians to investigate the incidence and risk factors of T2DM in GDM women. The incidence of T2DM after GDM pregnancy varies from 2.6% to as much as 70%, depending on the ethnicity, protocols used for diagnosis of a Subjects were categorized as NGT/IGT or T2DM group according to the glucose tolerance state at 2 months post partum and at more than 1 year of follow-up using a 75-g OGTT. Antepartum clinical characteristics and measures of glucose and insulin at a 100-g diagnostic OGTT during pregnancy were compared. Data are shown as the mean Ϯ SD in case of normal distribution or otherwise as median (IQR). P 1 indicates comparison between early postpartum NGT/IGT group vs T2DM group; P 2 , comparison between more than 1 year postpartum follow-up NGT/IGT group vs T2DM group; and P 3 , comparison between early converters and late converters. b These variables were log transformed before statistical analysis.
GDM, follow-up duration, and diagnostic criteria used to define postpartum diabetes (5) . In this study, the prevalence of T2DM in the early postpartum period was 12.5%, which is comparable to our previous observation of 15.1% (3). The median time to progression to T2DM was 8.0 years, and the annual incidence was estimated to be 6.8% per year after the early postpartum period. The incidence of T2DM was slightly higher than the finding of Metzger et al (8) who reported an annual incidence of T2DM of 5% to 6% per year and a 5-year cumulative incidence of approximately 50%. This difference could be attributed to the fact that Metzger et al (8) excluded subjects who had fasting hyperglycemia of more than 7.2 mmol/L during GDM pregnancy in their follow-up analysis. Because we did not have data on HbA1c during pregnancy, we were not able to preclude those who had undiagnosed pregestational diabetes or IGT, and this might have caused us to overestimate the incidence of T2DM. Still, it is evident from our study and others that GDM women are at particularly high risk of developing T2DM and that they require special consideration. Moreover, the identification of T2DM after GDM is important to those who want to have subsequent pregnancies, because undiagnosed and untreated hyperglycemia significantly increases risk of congenital anomalies (27) . Various potential risk factors for early postpartum T2DM have been reported (3, 6 -8, 26) . In this study, there was a significant difference in antepartum BMI between the NGT/IGT and T2DM groups. Obesity has consistently been associated with T2DM after GDM pregnancy (3, 5, 8) . It is noteworthy that the mean prepregnancy BMI of early converters was only 24.2 kg/m 2 , which reflects the fact that Asian women are more prone to metabolic derangement at a lower BMI threshold (28) . Despite the higher degree of hyperglycemia during the antepartum 100-g OGTT, early converters had significantly lower insulin concentrations. The ␤-cell function estimated by the IS/IR disposition index was significantly decreased in early converters compared with the NGT/IGT group. In addition, this factor was one of the independent risk factors for early postpartum T2DM. Decreased ␤-cell function has been proposed to be a major determinant of T2DM after GDM pregnancy (4, 8, 29) . Our results confirm that ␤-cell function and its compensation for the increased insulin resistance in pregnancy is a crucial factor determining the postpartum glucose tolerance status in GDM women (30, 31) .
Late T2DM converters were also more obese compared with those who had NGT/IGT at more than 1 year followup. Similar to early converters, they also had significantly elevated glucose during the antepartum 100-g OGTT. On the other hand, antepartum insulin concentrations were mostly comparable between the NGT/IGT and T2DM groups. Although ␤-cell function estimated by the IS/IR disposition index was significantly different between the 2 groups, this was not an independent risk factor for late converters. Based on our findings, it could be speculated that late conversion to T2DM is more closely related to the degree of obesity than to ␤-cell function. When early and late converters were directly compared, both groups had similar degrees of obesity but significantly different ␤-cell function. Early converters had more severe ␤-cell dysfunction and were more likely to receive insulin treatment during pregnancy. This difference in ␤-cell function might have resulted in conversion to T2DM at different times. Further studies are warranted to determine the relative importance of obesity and ␤-cell dysfunction in the development of T2DM after GDM pregnancy.
In this study, we found that several genetic variants known to be associated with T2DM at the genome-wide significance level were also associated with early or late conversion to T2DM after GDM pregnancy. The HHEX (hematopoietically expressed homeobox) gene encodes a transcription factor that is involved in ventral pancreas development (32, 33) . The CDKN2A and CDKN2B genes encode p16
INK4a and p15 INK4b , respectively, both of which regulate ␤-cell replication (34, 35) . Variants in HHEX and CDKN2A/2B have been associated with decreased 30-minute insulin secretion after glucose challenge and decreased ␤-cell glucose sensitivity (36) . In addition, risk alleles of HHEX have been most strongly associated with decreased AUC of insulin during antepartum 100-g OGTT in GDM women (22) . These data imply that the decreased ␤-cell function in early converters might be due to genetic predisposition conferred by these variants in HHEX, at least in part. The variant that was significantly associated with late conversion to T2DM was located in CDKAL1. The CDKAL1 gene encodes cyclindependent kinase 5 regulatory subunit-associated protein 1-like 1. This variant is also well known for its association with T2DM and decreased insulin secretion (37) . Additionally, a recent large-scale GWA study showed that a variant in this gene is significantly associated with BMI in East Asians (38) . Interestingly, that study associated the CDKAL1 variant with lower BMI, lower insulin concentration, and increased risk of T2DM, suggesting opposite directions of association for obesity and T2DM. It might be possible that the risk of T2DM in late converters conferred by this variant is modulated through an interaction with obesity.
There are certain limitations to this study. First, approximately 50% of our subjects did not undergo longterm follow-up. In addition, those who underwent follow-up for more than 1 year were more likely to have higher glucose concentration and decreased ␤-cell function during pregnancy. Considering this, it could be possible that our estimation of the late T2DM conversion rate was overestimated. In comparing early converters and late converters, the contrast between the 2 groups might have been obscured because more severe cases might have been preferentially skewed to the late converters. Second, the OGTT-derived 1-hour ⌬I/⌬G index and IS/IR disposition index are not validated measures of pancreatic ␤-cell function. Among the GDM women included in this study, 56 subjects underwent a frequently sampled iv glucose tolerance test (FSIVGTT) at 1 year post partum (39) . Therefore, we were able to compare the 1-hour ⌬I/⌬G index with the FSIVGTT-derived acute insulin response. The 1-hour ⌬I/⌬G index had a significant positive correlation with acute insulin response (Pearson's coefficient 0.463, P Ͻ .001). We also compared the IS/IR disposition index with the FSIVGTT-derived disposition index and found a significant positive correlation (Pearson's coefficient 0.422, P Ͻ .001). Therefore, we suggest that both the 1-hour ⌬I/⌬G index and the IS/IR disposition index could be reasonable estimates of ␤-cell function when more complex measures are not available. Third, in comparing genetic risk factors, it could be argued that the control group should be NGT/IGT women at the corresponding time, not the elderly nondiabetic subjects. However, a large proportion of NGT/IGT subjects in the early postpartum period will develop T2DM later. Therefore, a significant ascertainment bias would have been present. This would also have been true for the NGT/IGT group at more than 1 year follow-up. The comparison made between early or late converters and elderly nondiabetic controls could be regarded as comparison of gene pools in subjects with high risk of T2DM and a very low risk of T2DM. Some of our elderly nondiabetic control subjects (13.3%) had fasting glucose (from 5.6 -6.1 mmol/L) and HbA1c level (5.7%) in the range of IGT, which might have limited our ability to find positive genetic associations.
In conclusion, a significant portion of GDM subjects progress to T2DM in the early postpartum period and continue to have a high incidence of T2DM at later periods. This strongly supports the current recommendation that GDM women be tested for their glucose tolerance status at 2 months post partum and annually thereafter. Early T2DM converters were more obese and had significantly decreased ␤-cell function, which could be partly explained by genetic susceptibility. In late converters, antepartum obesity and hyperglycemia were the independent predictors of T2DM. Further investigations of genetic and environmental risk factors should develop useful prediction models of T2DM in previously GDM women.
